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FOREWORD

The research described and illustrated in this report was performed
at the Materials Research lLaboratory, Aerojet-General Corporation, Sacramento,
California under USAF Contract No. AF 33(615)-1249. The contract was
initiated under Project No, 7350, Task No. 735001. The work was admin-
istered under the direction of the Air Force Materials Laboratory, Research
and Technology Division with Lt. P.J. Marchiando acting 2 Project Engineer,
and Dr. E. Rudy, Aernrjet-General Corporation as Principal Investigator.
Professor Dr. Hans Nowotny, University of Vienna, Austria, served as con-
sultant tc the project.

The project,” which includes the experimental and theoretical investi-
gation of selected refractory ternary systems in the system ciasses Me -Me,-C,
Me-B-C, Me,-Me, -B, Me-Si-B and Me-Si-C was initiated on 1 January 1964
The furnace desciibed was developed and buiit on Company funds in support of
the above program.

The design and development work was carried out by E. Rudy and
G. Progulski. Messrs St. Maskiewicz and T. Eckert were of assistance in
the design of the power supply.

The help of Mr. R. Cristoni in preparing the drawings, and of
Mrs. J. Weidner, who typed the report, is gratefully acknowledged.

The manuscript of this report was released by the authors September 1966
for publication as an RTD Technical Report.

Other reports issued under USAF Contract AF 33(615)-1249 have
included:

Part . Related Binary System

Volume I. Mo-C System

Volume II. Ti-C and Zr-C Systems

Volume III. Mo-B and W-B Systems

Volume IV. Hf-C System

Volume V. Ta-C System

Volume VI. W-C System. Supplemental Information on the
Mo-C System

Volume VII. Ti-B System

Volume VIII. Zr-B Svstem

Volume [X. Hf-B System

YVolume X. V-B, Nb-B, and Ta-B Systems

Part Il. Ternary Systems

Volume [, Ta -Hf-C System
Volume II, Ti-Ta-C System
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Volume IV. Zr-Hf-C, Ti-Hf-C, and Ti-Zr-C Systems
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Volume 1. High Temperature Lifierential Trermal
Analysis

Part IV. Thermechemical Calculations

Volume I. Thermodynamic Properties ¢f Group IV, V, and
VI Binary Transition Metal Carbides.

Volume II. Thermodynamic Interpretation of Ternary
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ABSTHRACT

An advanced design of a Pirani furnace is presented which allows
the precision determination of the melting temperatures of refractory
metallic alloys. The method uses resistance heating nf a specimen held
between two water -cooled rlectrodes. The temperature of the phase change
is determined optically with a disappearing-filament type micropyrometer
at a small hole located in the center of the sample. Temperature calibra-
tion procedures, as well as methods and tools for the specimen preparation,
are discussed. Measurements of the melting points of refractory metals
and alloys, as well as of isothermal reaction temperatures in binary metal-
carbon and metal-boron systems. are presented and compared with earlier
data.
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i. INTRODUC TION

Apart from the difficulties associated with the construction of fur-
naces capable of operating under controiled conditions at high temperatures,
and the problems involved in the precise measurement of high temperatuvres,
one of the major problems in the precision determination of the melting tern-
peratures of refractory substances is posed by the interaction of the test
sample with its environment. The latter specifically concerns chemical
interactions with the container materials, still used in the majority of curren:
melting point techniques; adequate precautions usually can be taken to pre-

vent contamination from the furnace atmosphere.

It is considered a comparatively simple task to find materials of
sufficient inertness to serve as crucible material for many lower -melting
elements and alloys; this is understaﬁdable, since large differences hetwezn
the melting temperatures of sample and container material tend to shift the
eutectic composition close to that of the lower melting phase, while the
eutectic temperatusres approach the true rnelting point. Many oxides, such
as zirconia, hafnia, thoria, alumiﬁa, etc. are available which possess, in
addition to high melting points, high stability with respect to interaction
products; they have, therefore, been the most widely used container materizls

in melting point studies.

Other materials, sometimes employed, include granhite for nnn-
carbide forming alloys, certain refractory transition meta’ls such as taatalvm
and tungsten for ineasurements on rare-earth metal alloys, and of boron
nitride in selected applications. It should be realized however, that the dats
obtained by this method do not represent the true melting roint, but correspond
to the minimum {mostly eutectic) solidus temperatures exisiing between the
given combinations; their quality is thus dependent upon the skill of the investigpator
in choosing such combirations of test and container materis1 which will give

him the least falsification of the test results.

Other related techniques sometimes employed, such as suspending

the test specimens from metal wires or graphite threads, ctc., renerally



ST O e s e

e

suffer frem th= same shortcomings and are likely to produce erroneous
- ¥4 results when applied to higher melting alloys.

The container as well as the suspending technique fail for obvious
1 ¥ rcasons in the study of refractory alloys: Besides chemical incompatibility,

many of the refractory alloys or compounds of technical interest, such as

3
*
s
3

the carbides, borides, and silicides, for example, have melting tempera-~

tures exceeding those cf the most refractory oxides, and approaching the
sublimatior peint of graphite.

In 1923, M. Pirani and H. Alterthumu) described a furnace which

essentially eliminates the interactior problem. The principle of the metiod

PR

N 1. simple: A bar-shaped specimen which is clamped petween two water -

cooled electrodes, is heated resistively to the temperature of the phase change.
A smali black body hole, located in the center of a narrowed portion of the
specimen. serves as the refe :nuce point for the optical temperature measure-
ments. Determination of the melting points of selected high-maelting alloys,

§ ~.rried out with this apparatus in subsequent years by C. Agte and

H. Alterthum(?" 3), proved this technigque to be extremely valuable and capable
of high accuracy, and their data, determined now over thirty years ago, stili
must be considered as being among the most precise available to date.

Although the method had been nearl- forgot er over the following twe decades,

increased interest in the refractory alloys it recent years has revived interest
in its use and further development.

The present report des: ~ibes a r=fined version of 2 Pirani-type
meliting point furnace, which was developed in the time period 1963-1964 at
the Aerojet Materils Research facilities in conjunction with studies of the

Since

high temperature phasc relationships in refractory alloys systems.
the time it was put in operation, a large number of messurements on refrac-

tory alloys have been carried cut and the device hag proven itself a very

zffective toul for high temperature phase diagram studies.

[
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I LITERATURE REVIEW

A detailed account and discussion of the numerous techniques and
apparatus used for previous inelting point studies would exceed the scope of
the report, and the readsr may be referred to special texts available on
this subject“). Since the apparatuz to be deecribed has been designed, and
was primarily used, for measurements on very refractory alloys, we shall

restrict the review to a discussion of previous high temperature methods.

We may, arbitrarily, separate currently used techniques into two
categories: techniques, which require the use of a container or some other
suppori for the test specimen, and methods, which essentially operate on a

containerless principle.

In che first methed the sample and container assembly is heated by
radiation or cond:ction from a heating element in resistance -type,or from
the susceptor 'minduction—type furnaces. Melting is either observed visually
through & pyrometer, or the phase change is indicated by discontinuities in
the output of suitable tempzrature transducers.

In the apparatus described by R. Kieffer and co-workers(S) a small
piece of the test sample is positioned in a tantalum cup, which is supported
on top of a thin tungsten rod. To avoid or retard interaction, a thin layer
of refractory oxide or other material is usually placed between the sample and
the support material. The specimen assembly is mounted inside a thin-walled
tungsten tube, which is resistively heated between two water -cooled copper
electrodes. Sample temnperatures are measured pyrometrically through a
quartz port in the furnace wall and a small hole in the heating element. The
temperaturc, wi-re the first signs of melt become apparest at the specimen

suiface, is taken as being representutive for the melting or solidus point.

Kieffer's mathod, which iater, in a refined version, has been used by
B. Riley(b) for melting point measurements on refractory alloys and selected

oxides, has the advantige of requiring only small amounts of sarmple material.

?
‘\A\w




The t:chuique is well suited for melting pcint measurements on metals or
metal alloys, which form complete solid sclutions with the higher melting
tantalum (for example molybJdenum, aniobiurmn, titanium) or, by virtue of

the large melting point and stability differencee, for lower melting alloys

(iron and platinum metals) which do not appreciably interact with refractory
oxides, such as thoria. It is not applicable to very reactive metal alloys
(hafnium, szirconium) and for the determination of the melting points of silicide,
carbide and boride phasss, for which either no compatible support materials
can be found, or their meiting points excced the temperature capability of

the furnace (v~ 3100°C).

Graphite has frequently bezn used as a sample cenfainer material for
iavestigations in carbide systema(b’ 7 8). In this specific application, advan-
tage is taken of the fact, that the metal carbide + graphite eutectic t:mpera-
tures are usually much higher than the melting isotherms in the metal-rich
regions of theee systems, and transport of carbon through the carburized
layers is sufficiently slow to allow time for the measurements. Melt forma-
tion is either analysed {or by post-experiment mefallz}gr;pahi;)inspection of

Recently developed high te.nperature DTA -

th. alloys after exposire at a series of temperatures
(10, 11)

, or by direct

pyrometric chservations

techniques, using either high temperature thermocouples such as boron/
{12) (14,14, 15)

transducers, may be considered as improved modifications of this technique

boronateu grajphite or photcelectric devices as temperature

in this specific application,

Other melting point methods belonging to the first group, and which
have been ernployed for solidue studies in selected binary and ternary metal
systems, include heating of the sample in folded tungsten or tantalum ribbon

( 17)
from wires within the tubular heating element of 2 high temperature fumace(.ls’ 19)

elements

16). in tungsten wire baskets' '/, or by suspending the specimen

The limitations of the latter techniques are the srame as discussed for Kieffer's

apparatus.

Among the containerless ¢, e2rating methods the apparatus described

by M. Pirani and H. H. Alterthum(n is the most versatile and yields the

AN P I e i o i o R e s A i a1




most reproducible results. In their system, a bar-shaped specimen is
clamped between two water-cooled electrodes and heated resistively to the
melting or solidus point. A small hole located in the center of a narrowed
vortion of the sample bar serves as black body reference for the pyrometric
temperature measurement. The loss of energy by surface radiaticn causes

a ternperature gradient across the specimen, which, depending on the sample
configuration and its thermophysical properties, can approach several hunired
degrees cantigrades at temperatur es above 3000°C. Thus. melting is first
observed in the interior, while the solid outer shell prevents the sample

from collapsing.

The resistively heating method has been extensively used in the early
thirties for measurements of the melting points of refractorv carbide phases,
particularly by C. Agte and H. Alterthum(?') and E,.Friedrich and L. Sittig(sz);
more recentlv. gimilar furnaces were described by R. 1. Jaffee and
H. P. ielson'??), E. M. savitskit’!), R. P. Adams ar1R. A. Beant??),

H. Kimura and Y. Sasaki(23). C. F. Zalabak(‘7'4), and A.G. Knapton, et al.(zsz
and used for measurements of the solidus temperati'~&s in refractory alloy
systems. A preliminary description of the furnace design:d in this labora-

(26

tory has been given in an earlier report .

Other techniques, which also may be considered to belong to the
second group, are the arc-meiting technique describe” by G. A. Geach and
J. D. Sununers-Smith(Z7); in their method, the test specin.en is partiaily
mclten in an arc furnace, and the temperature of the solid-ligquid interface
is determined pyro-opticilly through a window in the furnace wall. Difficulties
encountered include prro er arc-control, prefereniial vaporation of alloy
components due to loca’ overheating, and large temperature uncertainties
caused by the generall unknown emissivity coefficients of the radiating =2ur-

faces.

Heating of the test specimens i1n the r -field of an eddy current ¢ ncen-

28 o . o .
f,‘aiur(" Llso eliminates to a large extent contaminafion by foreizi wbkarces; how-
nsver, since power dissipatior is confined to a tnin outer sheli of the speciunen,

the method lacks the benefit of the temperaure grad:w.t inhevent 1n the Prrans

g
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technique. Furthermore, concentration changes due to preferential material
losses from the surface may result in premature meiting of the outer shell
and thus not allow the true meiting point to be approached.

moi1. FURNACE DESCRIPTION

A. DESIGN CONSIDERATIONS AND PHYSICAL SETUP

The main emphasis in the desiygn of the apparatus was devoted
to spved and convenience of operation, use of only amall quantities of sample
material, and the specimen clamping arrangement to accept brittle and low-
streng.. iz imen without danger of breakage. The resulting design is shown

in Figure 1.

Tne essential parts of the furnace consist of two water-cooled
copper electrodes enclo=ed in a double-jacketed vacuum-tight housing. To
allow for *hermai expansion as well as for other dimensional changes of the
samup!e while maintaining proper electrica! contact during the test run, one

electrcle is hept movable.

Dependihg on the type of material and mode of operation, two
different ways how the se.rhple is attached to the electrodes are in use: For
long -time equiiibration treatments of ductile alloy specimens at high tem-
peratures, the bar-shared specimen is clamped between two tungsten platelets
(Figure &, . Firm elkectrical -ontact during the experiment is maintained by a
constant ciwmping force, aprlied through a lever arm by weights {visible in

Figure 2 in front of the electrcdes).

For the melting point runs, the arrangement shown in the seif-
explanatory drawing of Figure 4 in used exclusively. The -lamping force
is made adjustable by means of a gravity balancing system, whica s firmly
connected outside the furnace chamber to the power feed-through shaft of
the movable electrode. The maximum axial force, which can be exerted un
the sample iz 2000g, and can be controlled to within + 30g. oudden axial

movements of the self-adjusting tlectrode during evacuation or pressurization

T sk ———




‘sveuan g jJulod Bunaw Tueild Yl jo maItp [vuonday | euanfryg

o s 0 © S BT A o

INO NIV




;
Watercooled Copper | l

t
Electrode

Tung sten Push

: Tungeten
Plates

Lever Arm

Pivot Point SN

Figure 2. Late-al Specimen Clamping in the Pirani Furnace,

Chamber Wall\

Figure }. Interior View of the Meiting Point Furnace,
Showing Statiunary and Adjusting Electrode, anc
the Lateral Specimen Clamping Assembly,
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Figure 4. Face-to-Face Clamping of the Test Specimen, and
Gravity Balance System.

of the furnace may cause brittle specimens to break; hence, the bearing
assembly of the dynamic seal and power feedthrough (Figure 1) has teen
designed to eliminate any axial play of the feed-through shaft, while stiil

maintaining the low friction required for precision adjustment of the ¢l.mp-
ing force.

B. POWER CONTROL

Power is supplied to the specimen by a 30 KVA step down

transformer with secondary taps of 8, 12, and 15 volts. Power in the primary

of the power transformer is derived from a full-wave silicon rectifier phase

el e e
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control circuit. The gate trigger circuit for the phase control of u.s SCR's,

which determiines the average AC rower delivered to the primary of the
power transformer, comprises of & variable gain commercial magnetic amplifier- t
type trigger unit {(Norbatrol Electronics, Pittdburgh, Peonsylvania}, whose output j
in turn is controlied by the amount of DC current fed to its input terminals. -
The unit will deliver full power {45 KVA) at a DC input of 2 milliamperas.

The variabie DC for controlling the trigger uait is obtair +d
from a full wave rectifier circuit, which is fed by a variable AC from a DC H
motor -driven autotransformer. The apeed of the DC drive i# adjusted to
the desired lavel by varying the field excitation current, while the direction

of rotation is controlled by the polarity of power supplied tc the armature
windings.

The power application rates can be varied between 20 and 15, 000

watts per second, and are controlled by foot s witches (FS , FS,, and FS, in

Figure 5) located at the ope.atozr's site. The relave shown in the circuit

schematic in Figure S are used to activate the various controls, and are

partially interlocked to prevent accidental operating mistakes,

Pressing the foot pedal FS,, turns on coil M of the magratic
contactor, which connects the line power to the furnace.

Foot switch FS;
eergizes relay HV,

whose contacts are interconnected such, as to drive the

DC motor counter-clockwise; voltage output of the variac and hence power

to the furnace increases. Activation ¢f foot switch ¥S

S, causes the motor to
turn i~ the opposite direction, and power is lowered.

Power to the furnace is cut off by releasing the hold-down

latch on foot switch FS . which turns off contactor coil B. A second pair of

contacts on FS, which are c'osed in the "off" posiiicn of the awitch, energize

relay {marked '"off"” in Figure %} which causes the I)C control current for

the SCR trigger circuit to go down to zero. When the wiper of the autotrans-

former rea.hes the zero output position, the contacts of a limiting switch

LLS open, discagage relay., “off and thus turn off the power to the DC -drive.

O:n:. the wer has been turned off, relay M cannot be reeergized

unlc#s either the variac serting has reached its minimum position {contact 1.18
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closed), or a separate switch (eaiety start-overrid.) switch in

Figure 5) is pressad, which interrupts the down-drive of the variac and pro- :
vides a bypass for tha normaily open coatacts M and LLS in the current path -
of the coil M.

The mtire power circuit is protected by main fuses (not shown ’
in Figure 5), and by two bimetallic switches O/L, which disconnect the line
power in case of thermal overload. The cooling water to the fur;ace is
monitored by a flow-switch, whicl: turns on a bell in case of insufficient water

pressure, or failure to provide cocling water to the furnace.

C. OPERATION

Wt e,

After insertion of the specimen into the clamping device of the
furnace and closing the furnace lid, the chamber is evacuated several times,
and is each time refilic4 with aigh purity helium to ambient pressure. The
specimen is then heated up and held for a few minu‘es under vacuum to allow
eventual gas cont. minants to escape. The melting point run can be made
under vacuum, maintaining a slight gas bleed to avoid fogging of the quartz
window; for vcrv hig' temperature runs, however, where rapid vaporization
may cause con-=ntration shifts, the furnace is usually pressurized with high

purity helium or argon to a maximum pressure of six atmospheres.

Presuming that the approximate melting ranges are known,
the temperature of the specimen is brought rapidly to within approximately
50°C of the expected melting temperature. Then, in order to avoid loss of
the specimen by accidental overshooting, the heating rate is lowered to allow
stepwise power increases varying from approximately 2 to 10°C. A typical
appearance of the center pcrtion of a sample, ~hotographed just before melt-

ing was noted, is shown in Figure 6.

Due ¢~ the steep temperature gradient, the formation of liquid
first cccurs in the iaterior, thus allowing the observer sufficient time to focus

the pyromieter and to match the filament exactly against the radiation back-

groun from the black body hole.

b e




Figure 6. View Through the Observation Window at a X8
Melting Point Specimen at Temperzture.

The run is usually completed when the black body hole either

fills with liquid {Figure 7), or the specimen collapses,

In gereral, it is found that porous spucime: s {20-40%) are
preferable to fully dense material, as considerable less g :uttering of the

melt is encountered and the temperature readings can be rerformed more

accurately. In dense specimens, the temperature interva. betwecn the for:na-

tion of the first melt and the point whe- e the hcle fille with: lignid, is ver:

and the melt exuding from the interior tends to resolir.ify at the colder

outer portions, causing the sample to burst upon further power iucreases.,

In porous specimens, howsever, the colder outer shell t.nds to soak uyp

the melt from the interior, creating a cavity in the —enter portion

(Figure 8). Slight power increases do not increase the te:nperature, but

small;

meraly affect the amount of meit formed. 7Thus, a very p-onounc:1 tempc.aturz

13



('

Ty,

R, RN AN W W e Do | SRS A A A A e

LT e

i

g

.

g

L5 G L LSO

A — .,

Figure 7. Typical Appearance of a Pirani Melting
Point Specimen After Meltirg.

Note Black Body Hole Filled with Liquid.

Figure 8. Sectioned Forous l.ielting Point Saiapie After
Incipient Melting was Noted.
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hold is produced, which serves as a useful additional indication for the tem-
perature of the phase change. Upon further power increase, the boundaries
of the mélt-cavity ultimaiely resch the outer sample surface, and the speci-
men finally collapses. - ‘ :

- In tha measurements, the most precise data are obtained
for isothermally melting alloys (cuteétic and maximum melting corapositions);
in stroangly two-phased mciting alioys, i.c. alloys whose compositions are
close to the homogeneity boundaries of higher meiting phases, incipient melt-
ing is difficult to note, and the temperature data obtained tend to be high.
After incipient melting, the specimens usually start to sag, and.finally, the

black body hole gradually closes before the liquidus boundary has heen reached.

Typical malting pattarns for a eutectic and a peritectic case as obtained with
the Pirani tochnique are shown in Figure 9. It will be noticed, that at

PIRITECTIC TYFE

A,B Intermediate Phases

L Liquidus Lises

e, P Eutectic and Pezitectic Line

EP Componition of the Deiectic aad the Peritectic
& Incipient Malting Observed

] Sample Collapses Due to Loss in Strength

Fijure 9. Typical Melting Behavior Observed with the Pirani-Technique.
15
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concentrations approaching tke locations of meiting point maxims as well

as those of eutectica, the difference betweer observed incipient melting tem~
perature and the tumperature, at which the sample collapees, narrows;

both «einperatures; of course, coincide when these respective concentration
points are resched. The differentiation between peritectic and eutectic roac-
tion types can usually be achioved without difficulty from an analysis of the
melting pattern (Figuze 9).

Iv.  TEMPERATURE MEASUREMENT

In all the msagsurements performed sc far, micro-optical pyrometers
manufacitured by the Pyrometer Instrument Co., Inc., Bergsnfield, New
Jersey, have been used. These pyrometers have three overlapping black
body scales on direct reading milliammeters; the ranges on the standard
model are 700 - 1400°C, 1300 - 1900°C, and 1800 - 3200 {4500)°C, and the
temperatures are measured at an effective wave length of 0.65u.

In the following sections, calibration of these pyrometers, as well as
the procedures used to determine the temperature corrections for non-black
body conditions at the sample and the losses in the observation window, will
be discussed. A list of useful secondiry temperature standards is also
given.

A. PYROMETER CALIBRATION

Two separate procedures are involved in the calibration of
the pyrometers: Cal.bration of the pyrometer proper, and calibration and
adjustment of the meter readout for the filament current.

The objective of the calibration of the pyrometer is to estab-
lish a precise relationship between filament current and temperature, using cali-
brated radistion sources or pyrometers as standards. For temperatures up to
2300°C, the pyrometer is either compared with atandard pyrometers certi-
fied by the National Bureau of Standards, or against a certified tungsten ribbon-
filament lamp with precisely known current-temperature relationship.
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For calibratica points at higher tomporaturu, the carbon-~
arc uchniqn-‘z’ 2% 30‘ nsing an arc-furnace manufactured from the Mole-
Richardson Company, Hollywood, Califoraia, was employed. Based on data
from the National Bureau of Md‘(n) a temperature of 3808° + 20°K
was asgerted to the crater of the anods, when operated in the region of the
quiet arc. Lower temperature fixed points were obtained in ths well-known
manner using absorbing glasses of accurately known transmission.

In the calibration runs, at least {ive readings were taken at
each point. The curreat through the pyrometer filament is determined by
the voltage drop across a 100 precision (5 ppm) resistor, and recorded to
the nearest one or ten microamps. A current temperature-filament current
relationship is then established by a least square fit of the data.

The same meter and resistor are employed to calibrate the
temperature scale of the milliammeter provided with the pyrometer. The
calibration is usually started at the low temperature end and at least five
readings are taken at each of the selected cardinal points; after averaging,
the mater reading is then adjusted to comply with the establizued pyrometer-
filament current relationship.

The total temperature error is composed of several parts:
The uncertainties in the calibration equiprent and
the individual calibration steps.

Considering the first srror sources first, the data given in
Table 1 represent the uncertainty levels assigned to the certified pyrometers.
Althoughb the data probably correspond niore to sgtimates rather than present-
ing exact values, the data are claimed to have a confidence level of more
than 958>,

Typical uncertainiies introduced by the visuai matching of test
and calibration pyrometers aro + 1.7°C, and hysteresis effects in the micro-
optical pyrometers in use at this laboratory amount to approximately 1.8°C;

17
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" Table !. Temperature Uncertainties in the NBS Certified Stﬁu d
: Pyromaeters and Tungstea Ribbon-Filament Lunpa
(95$ Confidence Level)

'!’ompcnmo Uncertainty

°C *C
Certified Pyrometer: 800 +4
| 1063 +3
2800 +8
4000 + 40 max,
Tungsten Ribbon Lamp: 800 +
1100 +3
2300

-

a further uncertainty of approximately + 3°C maximum at high temperaturs
end is introduced by the limited resolution of the tex-turn pot used in the
pyrometer. A least aquare fit of the calibration data, and incerporating the
uncertainties of the temperature standards, yielded the error limits listed
in Table 2.

Table 2. Overall Tenperature Uncertainties for the Micro-Cptical
Pyrometers.

Temperature Uncertainty
*C 3 C

1160
2000
2300
3600
3600

[ Y
WO 3P

18

S e e it




B. CORRECTION TERMS FOR NON-BLACK BODY CONDITIONS
OF THE HOLE AND FOR LOSSES IN THE QUARTZ WINDOW

In the experimental work, nlnany a w:de variety of different
materials is encountered in exeriments, for most of which the emissivity
coefficients are unknown. Furthermore, the emissivities of a given material
are strongly Jdependent upon ite surface conditions; hence, to eliminate as
effactively as possible variations of the apparent temperatures, the condi-
tions, under which the measurements are to be made, must resemble closely
those of a true black body, regardless of the ype aad surface coadition of
the test material.

To determine the average effect of hole geometry upon the
apparent emissivity, a variety of different materials, including specimens
of tungsten, tantalum, molybdenurn. ar wcll as of refractory compounds such
as TaC, HfC, TaB,, and HfB,, was fabricat:d into cylindrica’ shapes and
provided with holes of varying diameter to depth ratios. All samples com-
prised of comfpacts which were sintered from 6Q: average powder stock and
skowed varying degrees of surface roughness.

The apparent emissivity couefficients were determired from
the apparent temperatures of the sainple holes, as compared to that of a
true black body source, for which a 0.5 mm dia x 10 vam deep hole drilled
into the graphite sample hoider served as the standard.

Since for all cases investigated, « was above .95, the simplified
equation (1) was used for the caiculawon of the emissivity coefficients:

-

L

I B
T, - T‘,‘*’ -1 <l (1)

where T' denolés the apparent temperature of the sample black body hole,
'rp the temperature of the radiating zavity in graphite, C‘ {Planck's second
radiation constant) = -!ic- > const = 1.4384 [cm.grad. ], A the effective wave-
length used in the measurements {0.65u). and ¢ stands for the emissivity
coefficient.
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The observed emissivities, as calculated f: om cquation {1},
were found to be only &lightly dependent upon the test matorial, but are
significantly affected by the geometry of the black tody hoie, as evidenced
from the data compiled in Table 3.

Table 3. Mean Emissivity Coefficient of Black Body Holes
in Metallic Specimens (Rough Surface).

Hole Dimensions Mean Emissivity

(dia x depth, mm)  Coefficient
1.3x 3 0.97
1.0x 3 0.98
0.6x 3 0.995

The temperature correction terms, as computed from
cquation (1) for the interesting range of emissivity factors, are shown in

graphical form in Figure 10,

The losses in the quartz windows arise frori two mechanismmn::
Reflection at the two surfaces, and absorption of radiant eiergy within the

quartz plate.

The absorption of quartz at 0.65u, the wav<length used in
the pyrometer, is small; under these conditions, the tota  tranamission 7 .

the quartz window is given to a sufficient degree of accura:y by

T = D.A
tr

D.....Relative reflection losg at the surfac=s of
the quartz window

A

A.....Relative absorption loss in the quar{: wind:w



WO

/
=
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WMEASURED TEMPERATUKE,*C

N

Figure 10, Temperature Correction Chazt for the
Piraai Furnace.

- The terms D and A can be calculated separately from the knc'vn absorption
data and the refractive index for quarts for the particular wavelength, For
the brand used /GE-grade 131, d = 5 mm), n = 1.4585. From Fresnei's
formula for vertical incidence, |

s

F
D = - = (27), (2)

a reflection loss of D = 3, 48% per surface is calculate”. Together with a

transparoncy coeffi ient of 0.58 per com at A = " 6%,, a total transmission
of T * D.A = 0.92 is obtained for the quarts window,
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An experimental check of the value was Lerformed using

the following considerations:

The amount of energy radiated within a wavelength interval X
and X\ + dx ‘by one square centimeter of surface area having the temperature

T is given by
E(MT)=(\T).-e(\ T, (3)

where ¢ (A, T) denotes the emissivity coefficient of the radiating surface,

and e (A, T) is Planck's function

c%h . 1
A hv

e{\, T)= (4)

If the radiation passes through a medium having a transmittance T(\), th=«

amount of radiant energy leaving the system is given by
E (MTI= T(N):e (X, T).e(\, T) (5)

E, (A, T) is converted by the pyrometer intc an apparent biack-body tempera-

ture T according to
m
EO0T ) =eT,) (6)

In order to find the true temperature of the radiating aur‘uce, we have to
equate EI(K, T} with E N Tm), i.e. we ask for the tempe- ature, which a
radiant surface of ¢ = ¢(\, T) must have, in order to deliver through a sys.cm
with a4 total transmission Ttr the same amount of radiaticn as a black beody

at the temperature T .
m

H
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tlence,

T, (N, T)

tr _ 1
— * ——C-————-z (7)
e -1 e -1 “

For temperatures below 4530°K and a wavelength of 0.65p, \T << C, (region

where Wien's law applies); under this condition, equuiion {7, reduces to

2 2
T KT
A.e = e ’
or
C, T-Tm
1nA~ "-—):- . -TTT;—'n (3)

For the carec, that A(\, T) does not deviate too much froia unity, we may

, 2 . .
set T ’lmz }’;m , and obtain for the temperature correction term

{(9)

T. =T = &4T=-T° > Ina
true m mcz

Provided that n is not too largz, the toial transiri-sion of a

syatem ©f n equal quartz windows is given by

T, {n) = (D-A)" (10)

Making use of formula (9), we find the incremenial tempe: iture corraction
per quartz window practically constant, and equal to

2

= e ‘A. -
AT (n = 1) = Tmc-:lnDA
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Thus, by measuring the apparent temperature of 2 radiation source through
a varying number of quartz windows, the term D.A cin be evaluated

independently from the value of .

Experiments were performed using 1, 2, and 3 quartz windows.
As reference point for the measurements served a 0.5 mm dia. and 10 mm
decp hole in graphite, as described further above. At 2245°C, the chosen

equilisrium temperature, the following data were obtained (Table 4).

Table 4., Effect of the Number of Quartz Windows {d = 5 mm)
Upon the Apparent Temperatures of 2 Black Body

Source
Number of Measured Temp. | Difference
Quartz Windows | °C (Mean Value)
1 2245+ 4 - -
2220+ 4 25
3 2193 + 4 26

The mean incremental temperature difference per quartz
wvindow, derived from a large number of readings was 25.5°C, yielding, in
« »od agreement with the theoretical value, a product of D-A = 0,915 (formul: ¢,
The correaponding corrections for the quartz window, which are practically

entirely due to reflection losses, are included in the chart shown in Figure 10.

Based on these data, the hole dimensions used in the experi-
meatal samples have b~e¢n standardized to dimensions of 0.6 mm diameter,
2nd a minimum deptk of 4 mm, leaving only a negligible correction for non-

black body conditions (Figure 10),
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C. SECONDARY TEMPERATURE STANDARDS __.—
//_/"

In the course of expe;s‘im.anta:‘fwork. it i5 oftern desirable to
be able to quickly check the status of calibration of the pyrometer, to test
the consistency cof calibration among a set of te;.npera.ture measuring instru-
ments, and also to compare and eliminale errors dve to individual reading
kabits of laboratory personnel carrying out the experiments. Furthermore,
accurately known and easily reproducible melting points f proper alloy

combinations can be used directly as calibraticn atandards.

. Accurate fixed points presently in use as secondary temperature
standards are based on the melting points of certain metals. They are listed

in Table E.

Table 5. Fixed Temperature Points (New International Scale, 1949}

Metal Freezing Point
gold 1063°C
nickel 1453°C
palladium 1552°C
platinum 1769°C

1.

As has been discusscd by W, I‘-Iume-RotheryM), et al., the m:'n
problersn in zsing the melting points of e'le‘ments as temperature standards i:
the danger of contaminants, which may c.)hange signifiqiint}.y the freezing poirt;
furtherraore, metals, where contaminathn is less of 4 problem, arc¢ usual® -

prohibitively expensive for every-day purposza.

No officially acrepted secondary fixed points have been estab-
lished v8 of yet for temperatures above the freezing point ¢f platinum, aitt ugh
a large numbcer of fairly consistent melting point values on refractory meta:

has been raporterd,
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In the course of work an refractory alloy systems in this
laboratbry. which mainly invelved matal-carbon and metal-boron combina- -
tions. it was found, that she temperatare of certain binary and ps-udobinary
eutectica could be reproduced with o fairly high degree of accuracy, and
coxtzol of the 'impuﬂty levels to within the limits, where noticeable changes
w “1d occur, could be msintained with ease. |

.Amonyg the combinations listed in Table 6, thoee involving the
carbides are probably the most useful: The samples can be contained in
graphita crucibl&_s. hbrie&ﬁh fromn commercially avaliable graphite grades,
and the measurements can be cavried out in graphite-element iurnacai. at
ba :d in almoat every laboratory working in the refractory materials field.
The need for specialized and expensive equipm =at i thue eliminated.

So far, the largest number of measurements have been carried
out on the eutectic equilibria existing between W and W,C (22 At%h, 2710°C)
-and between Mo and Moz_c {17 Ath, 2200°C); the corrcsponding temperatures
may be therefore regarded as the most fi=mily established. In view of the sim-
plicity of their preparation. and their insensitivity towards contamination,
both combinations are sxtensively used in this laboratory as secondary tem-
perature reference points in pyrometric temperature measuremenis, ar well
‘a8 for the determination of the overall transmissions of optical syatems and
the calibration of opic-electric temperature transducer systems.

In addition to the fixed points invelving solid-liquid reactions
(Table 6), two solid state reactione, namely the eutectoid decomposition of
the cubic high temperature plases in the syéte:ns W-C and Mo-C (Table 7),
ais. show excellent reproducibility and may serve as useful standards for
calibrating and testing the sensitivity of the temperrat\ire transducer system
in high temperature therinal analytic equipment,
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Table o,

e

Se~ondary High Temperature Reference Points BE..sed on Eutectic

’ Reactions

j Accepted Temperatures, °C

| Composition of | Eutectic 4 Eét’iz‘;iifd

t - 3 o .; - .

! Systerr Eutectic Phases Mean Reproducibility Uncertainty
Mo-B 2:At.% B Mo +MozB 2175° +6° +10°
Mo-C 17At.% C Mo +Mo C | 2200° 2° +8°
Nb-C 10.5 At.% C Nb + Nb,C | 2353° 6° + 10°

| W-B 27 At.% B W+ W8 2600° +8° +12°

i v-C 49.5At.% B VG +C 2625° +5° + 10°
Ww-C 22 At.% C W+ W,.C 2710° +3° +10°

| Ti-C 63 At.%C TiC + C 27176° +6° +12°

. Ta-C 12 At.% C Ta + Ta,C | 2843° +10° 1 13°
Zr-C 64.5 At.% C ZrC + C 2911° +12° + 18°
Hf-C 65 At.% C HIC + C 3180° +20° + 307

! Nb-C 60At.% C NbC + C 3305° +12° +20° |

§ Ta-C 61 At.% C TaC + C 3445° +5° +26°

L |
Table 7. Secondary Temperature Standards, Based on Solid State Reactions

; Accepted Temperatures, °C

' ™ ‘Estimate -

- Systemn |Composition uf Reaction Mean Reprodudbility | Overall

Futectoid, At%C Uncertain:

. Mo-C 39 a-MoC,_ = n-MoC, 1T | 1960 + 10° +15°

' 1
w-C 37.5 -WC, = B-W.C +C 2530 P 15° +2e°

] .

* The reactions in both svstemy are fast, and no significant temyp-ra-

ture shifts will be noticed a:

per second.
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V. PREPARATION OF TEST SP}IIMENS

All three major techaniques used in refractory materials processing,
namely cold-pressing and sintering, hot-pressing, and melting, are employed

in the preparation.

Where it can be tolerated, hot pressing is no doubt the most expedient of
all methods in obtaining compact and strong samples; however, application
of this method is restricted by the interaction of the test material with the die
components. Subjected to a lesser degree to contafnination, and hence more
versatile in its application, is the cold pressing aﬁd sintering technique. A
discdvantage of this method ie the addition of a second proceseing step and
the requirement for expensive high temperature sintering furnaces to achieve
sufficient densification of the samples, so they can be handled without danger
of breakage. The third method, melting of the alloys in an arc or electron
beam furnace, and subsequent machining of the ingots into the required
dimensions, is undoubtedly the slowest and most expensive of the methods
discussed, but is sometimes employed to prepare alloys from components
not available in powder form, or to remove volatile impurities (c{. oxygen,

nitrogen, volatile oxides) from contaminated stock.

Bar-shaped specimens of carbides, for example, can be hot pressed
on one step to finil shape in the split die assembly shown in Figure 11. Usualls .
however, the powder mixtures are fiz st hot pressed to yield elongated cylinde-
of 10 to 15 mun in  diw. ieter, which then are ground to shape and provided
with a hlack body hole (Figure 12).

" Ductile metal spesimens, or samples containing an excess amount of
ductilc phases, are pressed to final shape (with 0.6 mm dia. and 4 mm deep
ho't) in a split die assembly with retractable center pia {Figure 13) and are
used in the as-~zressed state (Figure 14), Samples of more brittle materials
are sintered after cold-pressing to acquire aufficient strength to be handled

in the melting point furnace.



»

Figure 11, Graphite Die and Heater Components for Hot Pressing
Bar-Shaped Melting Point Specimens

|m||uupml.mluuuuqunwulumu'l

Figure 12. Pirani Melting Point Specimen, Hot Pressed and
Ground to Shape.
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Figure 13, Shaped Die with Retractable Center Pin for
Cold Pressing Mel.ing Point Specimens.
(Front Half of Die Removed)

ey

Figure 14, Melting Point Specimen, Cold Preased in the
Shaped Die Assembly Shown in Figure 13.
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V1. MEASUREMENTS

Over the past two years, numerous measurements on refractory alloys
have been carried cut with the Pirani furnace which have resulted in a numbex
of revisions to the existing literature data. Their complete presentation, how-
ever, would exceed the scope of this report. Hence, only a selection of data
on reafractory metals and selected binary alloys and compounds of the refrac-
tory traneition metals are presented, where existing literature data allowa
comparison of the test results. For a comprehensive description of the carbide
solutions, reference is made to a report series, AFML-TR-65-2, issued dur-

ing the past twc mn‘n).

A. MELTING POINTS OF REFRACTORY METALS

The melting te nperatures measured for various refractory
metals, together with data fuund in the literature, are presented in Table 8.

The titaaium used in our measurements consisted of samples
which were machined from sleciron-beam molten iodide-titanium stock. Total
impurities as determined by chemical and spectrographic analysis after melt-
ing was less than 250 ppm; of these impuritie... 150 ppm were estimated to
be oxygen, nitrogen, and carbon. 7“he ¢-f-transtformation tempsrature of
887 'C in the processed and meited material, dstermined by differential thermal
analysis, was the same as in the iodide titanium; since even small amounts of
oxygen have a pronounced effect upon the transition temperature, this result
indicates. that practically no contamination by interstitial elemente bad taken
place during the melting point runs.

The sirconium sampies comprised of cold-pressed and high
vacuum sintered bars, which were prepared from commercial sirconium
powder and from high-purity crystal bar zircomium. Major im-
purities in the sirconium powder were (contents iz ppm): C-40,

*Oxygen was hot-sertracted in & gas-fusion anilyser uvsing a platinum bath at
2300°C.
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Table 8: Moelting Points of Refractory Motals

) On
o | (Values in °C)
Literature Values, Number of Mean | Stendard®® | -
- *C Measurements] Value | Deviation Accuracy
1672 + 4° (34)
1676 + 10° (35) 8 1668° | +8° +4°
1660° (38)
1868 + 10° (34) 5 1876° | +8° - 40
1855 + 15° (37) -

2230 3 50° (38) 8 2218° | +10° +6°
2222 + 30° (37)
1919 + 2° (34)
1900 + 24° (39) 4 1926°] +6° +3°
1888 + 10° (40)
2585° (41) 2430° (28)
2468 + 10° 6 2475°|  +10° +4°
2497° (39)
3006 + 15° (43)

Ta 3000° (44) 6 3014 4140 +10°
2997° (39)

Mo | 261813° (4 9 2619°] +9° ‘4
2630 + 50%(45) -
3380 (25) 34104 15°(45) 3 323|426 ' 10°
3417% (2) - =
3140 + 20 (24) 3160°(48)
3170°(46) 3170 + 60°(49) 8 3075°| 414" +7°
3180°(47) 3180 + 20°(50)

~ * Standard Deviation iz the Measurements
*¢ Including Errorc in the Pyrometer Calibration




A

Fe -315, Hf-67, 0-830, Ta-<203, sum of other impurities-<460. The total
impurity coutent in the crystal-bar sirconium was below 300 ppm. Both
materials yielded within the error limits of the same nieiting temperature
{Table 8).

The analysis of the hafnium sponge, from which the melting
point specimens were prepared by electron-bea:n melting and machining,
was as follows (impurities in ppm): Al-20, C 21¢, Nb-68¢, Cr-<20, Cu-40,
Fe-265, H-55, MMo-40, N-200, O-810, Si-<40, Ta-<.00, Ti-20, W-235, sum
of remainder-<100. After electron beam melting, b~ combined oxyg~n ana
aitrogen content was below 300 ppm. The zirconium content of the product
was 1.9 atomic percent.

To achieve better desn:r.ildising . snditions, one atomic percent
boron was a. ded to another hafnium batck prf r to mulling and the resulting
bars alsc fabricated .ato test spccimens. A third test geries was run on
cold-pressed and high va:.wum sir :re. speciinens, whick were prepared
from hafnium pow! »r baving similir irapurity crmients as the hafnium sponge.
No substantial fiuctuation in the melting point data could be cbserved, sug-
gesting, tha{ the im.,..-i%; levels were low enough as not to have any noticeable
effect upon the melting points.

The analyais of the group V metals is giv:n in Table 9. The
specimens were prepa-ed by cold-pressing, cold-pre:ving and sintering,
as well as by electron-beam melting technique in order to remove v olatile
impurities. The test data are compiled in Tabis 8.

While little eifect of slight impurity differences upon the obssrved
melting point was noticed for vanadium and niobium, a drop frcin 37i4°C,
for a tantalum with less than 200 ppm O + N + Fe + Si, to 29690°C, for
samples which coniained approximately 60 ppm axygen and nitrogen
and 300 ppm of other materials, was obu:ved{n).

The molybdenum and tungston specimens were prepa... irom
powders Laving a purity better than * .9 parceat. To achieva
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Table 9. Chemical Analysis of the Group V Metal Powders

Impurity | Vanadium | Nioblum | Tantalum
N 340 68 50
o 650 380 280
c 300 110 140
Ta n.d. 500 -
w - 1150 .
Zr n.d. 250 -
Nb n. 4. - - 100
si 80 <10 <30

Sum of Jther 300 <500 <100

metaliic

1 impurities

sufii~rient str-agth, the powder compacts -er- cresintered for 2 hours at
1500°C under high vacuum {4 x 10" Torr).

i Major contaminants actermined in the processed specimens
were: In molybdehum: 0-88 ppm, 51-6" ppm, W-200 ppm; in tungsten:
‘Fe-20 ppm, N-20 ppm, O-110 ppm, and Mo-50 ppm. The rhenium powder
had the following impurity i.re!s !in ppm): Fe-23, Al-<]l, Ni-<i,

Si-<l, sum of other impurities-<}0.

_ In general, our data obtained for the refractory nietals are in
good agreement with values given earlisr ‘n the literature (Table 8), The

oalv large discrepancy, our value being approximately 10C°C than *he
priviously accepted melting point of 3160°C, was obtained for rhenium. A
comparison of the impurity levels in our material as camptied to the product
used by previous investigatora. does not suggest the poaxidbility of con-
tarninatisn as being responwible for the cbserved difference. Aiso,

the data obtaioed ra & second sample series, which was prepared dy clectren-
boam melting ths presintered bare, re;:roduced within 7°C the result:
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obtained on the cold-pressed and sinte. cd samples. The close agresment
between the data of at least {firve independent investigators appears therefore
as surprising; an independent contest of the melting data on rhenium
apparently is needed.

8.  SOLIDUS TEMPERATURES OF REFRACTORY METAL-
CARBON ALLOYS |

Amoag ths known alloys, the monocarbides of the refractory
transition metals are the highest melting compounds in existence. With

~ the exception of chromium, all of the elements of the group IV to group VI

elements ' ‘'m congruent melting carbides in the vicinity of the equiatomic

. concentration region. In neither instance, however, does maximum melting

occur at the stoichiometric composition, but appears to be skifted to lower
carbon coucentrations. The group IV and group V metul monocarbides are
characterized by a wide range of defect solid solutions, and, with the excep-
tion of TaC, for which a rather steep concentration dependence was nczted(”).
the phases melt with rather flat maxims. The occurrence of the cubic
paases in the grour VI metal carbon system is restricted to the concentra-
tion range around 40 atomic percent, i.c. they are stable at defect composi-
tions only.

‘Tab.e 10 lists the congruent melting temperatures of the cubic
(Bl) monocarbides. The data preserted are based on a large number of
measurements, which were carried out on high purity and analytically defined
miterial ir the course of reinvestiertions of the binary metal-carbon .yutema(3z).
The ma> imun solidus temperaturnas of the Me C phases, and of Cr,C, ar. .
stad iz Table 11, while data for the eutyctic reaction isotherms for metai +

metal carbide, and monccarb.ic + gr. phite, are presented in Tables 12 and 13.

C. SOLIDUS TEMPERATURZLES OF REFRACTORY METAL-
BORON ALLOYS

Somparvd to the refractory carbides, »ery fow reliable

melting points are available for alluys of the refractory transition moetals
with boroa. OUxygen contamination of the atarting mate~ial is the
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" Table 10.

Moancarbides.

Congruent Melting Pcints of Cubic (Bl) Refractory

Literature Values T @ Compcs. Average
*C f At.% G |Reproducibility
5160 + 100°(52) 3230°(53)
3140° (53) 2949° (56) 3067425 44 + +15° |
3030° (54) b
3532 + 125° (2) 3535° (59) |
3400 + 50 (ZrCyq;) (57) 3440425°[ 45 + +10°
3420° (ZxCy ) {8, 58)
3887 + 150%(2) 3830(HIC,, y0) (9. 61)
HIC® | 3895 (HIC,,,) (22) 3978+40°| 46.5 + 0.3 + 20°
3820 + 100° (HECon) (69
2750° {62) 2650°C(peritect. dec){40)
vC 2830° (52) 2648+12°143 4+ 05 +8°
2789° {56)
3490 {39) 3600 + 50° (23)
NC 3500 + 75° (NbCy ) («8) 2613426°) 44 + 1 +8°
3420° (NEC,y,) (56)
3875 + 150° (2) 3540° (64)
, TaC | 4000-4200 (63) 3780° (59) 3953+40°] 47 + 0.5 +15°
i 3825° (S2) 3740° (24) ~,
2692 + 59° (MoC) (2) 2790° (D) '
b-MoC, | 2570° (MoC) (32) 2650° (32) 2600+10°| 42 + 1 + 50
2870° (56) i
‘ _
-MoC, 2785° (peritect. dec. at W(, ) 2747412139+ 3 + 8°
i A sa e :

$ Moan Value and Eatimated Overall Temperature
Uncartainty. ’

e ———— 18 i 2
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Metal + Metal Carbide Eutectic Reartion Isotherms

A Wagst . R

Table 12,
Ry 30 Tovestigation, *C
Eutectic Literature Values, . Eutect. Average
Constituents *C T Compos. | Reproducibility
eut,
. At.HC
1645 + 8° (18)
A-TI+TIC |} 150%(poritect.de) (79) | 168047° | 1.3+0.5 3¢
1850° (¥, 58)
B-Zr + ZrC | 1810° (57) 1€35420° |  3+L5 +15°
1830° {80}
» ﬁ-Hf + R . °
b {HEC) -85 L 218Ct12° | 1.546.7 410
Ve 1530 + 20°(7 Ath G (40) | 45047 15 2 ° 460
16507 (67) - - -
2335¢ (28, 8i) 2330° (87)

Nb+NbC  |2323° (68} 2553:10° | 10.540.5 +6°
2349+20°(13.5 At% C){23} '
2800° ( .1 At% C\ (69}

Ta + Ta,C  |2902 + 50° (68) 2843+15° | 12+0.5 +7°
2825° (12.3 At% C) ...,

Mo'a MoC |2200° (7,68) 2200 5 8°1 1741.5 +2°
2690° (16 Atfh C) (78)

weoWe 2475 (19 A% ) (1) 271041C° | 22 +1 +3°

2732° (68)

2:10° (25 Atk C)(65, 66)

% Mean Value and Estimated Overall Temperature

Uncertainty
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Table 13. Motal Carbide + Graphite Eutectic Reaction Isotherms

This Investigation, 'C
Putectic Vuuratur»e Values, o { Eutect.
Coustituesuts - *C T .. Compos. | Accuracy’
5 ‘ eutect. At.% C ‘
nc +c  |3080748Y 2776:12¢ | 6321.0 +6°
. 2780 + 25° (84) - . -
. 2850° (8, 51,58) . |
ZxC +C 2870 + 30° (74) 2911+19° | 64.5+1 + 12
12920 + 50° (83) | ’
3250° (83) 3400° (60)
HfC +C  |2800° (85) 3220° {22) 3180430° | 65 + 1 +20°
2915° (86) 3150° (61,9)
2830° (52) 2780* (56)
Yo+ C 2750° (62) 2625 +12* | 49.5+0.5 +6°
2650° (peritect.isotherm)(40)
3300 + 50° (23) 3150° {83)
NBC +C  |3220° (58) 3305+420° | 62 + 4 +12°
3250° (28,12) |
3710° (68) 3375° (61)
TaC + G |3310 4 50° {83) 3445426° | 61+ 0.5 +5°
3300° (69)
c-MoC, +C 2470° (87) 2564+10°] 45+1.5 +5°
2575° {74) - - -

* Mean Value and Estimated Overall Temperature

Uncertainty,
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common source of errors in transition metal alloys with ~arbon and nitrogen,

is less harmful in this system class. With the exception of sor 2 lower-
mdting metal-rich eutectics, duoxidati'oh of the alleys by boron and volatiliza -
tion of the horic¢ acid may be regarded to be complete below solidus. The

most likely 'Qahri:_q of error i . the iron or carbun contamination of commercial
grade boron, and, in some instances, using improper techniques such as graph-
ite for containing the sample materiail! 9% 190 oner considerations include
the srnall ranges of homogenaity of the boride phases, limiting the observ-
ability of the true maximum to cnly a very narrow concentration range. Hence,
'a large number of alloys, closely spaced 2:-ound the critical concentration, is -

necegsary to ensure that the composition where maximum melting occurs has
been included.

The sciidus temperatures of metal-boren alloys, which are
compiled in Tables 14 through 17 havs heen obtained on high purity alioy
samples and confirmed by at least three mweaaurementa conducted at the con-
gruently melting composition. The combined content of critical impurities
(d +N+C +8i+iron nietals) was usually less than 150 ppm, and in no
instance axceeded 250 pom; their effect can therefore be disregarded. For
a detailed description of the eample materials, reference may be made to the

sezies of documentary reports on the binary metal-boron systems(l 5)

D. MAXIMUM SOLIDUS TEMPERATURES OF THE TANTALUM-
HaFN'UM MONOCARBIDE SOLID SOLUTION.

The meltzng point maxima in the solid solution series ZrC-
TaC and HfC -TaC at a tantalam to hafrnium (zirconium) ratio of about four,
which were reported by C. Agte and H. Alterthum( ) in 1930, have led to
extensive theoretica’ speculations and considerations regarding the technical

(3)

application of these alloys® In investigations of the high temperature phase

relationships in thase syntems(‘%’ 107)

, special attention was therefore
devoted t¢ the determination of the solidus temperatures of these compound

solutione; *he -~tudies included the entire solidus envelope of the solution.
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Tablu 17. Metal-Boride Eutectica

This Investigation, °'C
Eutectic ‘ ‘ . T (:) Eutect, Accuracy
Constituents . Literature Values ¢4t |Comp,AthB| +°C
B-Ti + TIB [1670 + 25°(14 At.% B) (88) | 1540+12° T+1 +10°
B-Zr+2ZrB, |1760° (22 At.% B)(94,96,3) | 1660+17° 12+2 | +15°
B-Hf+HfB [1960° (104) 1880+17° 13+2 +15°
Y +V,B, [1550° (~15 At.% B) (98) 1737+10° 1441 +8°
Nb + NbB  [1600°C (~20 At.% B) (98) | 2165+15° 19 +2 +10°
Wa+TaB [1800° (19 At.% B) (98) 2385+16° 23 +1 +10°
Mo+MoB 12000° (~8 At.% B) (100) 2175+10° 23 +1 +6°
W+WB - 2600+12° 27+0.5 | +8°

(*) Mean value and estimated overall temperature uncertainty

A comparison of the solidus curves of the tantalum-hafnium
monocarb.de aoluti;m at fixed carbon defects of one, five, ten and thirteen
(106

atornic percent indeed indicated a flat melting point maximum near
TaC. However, the melting temperatures obtained ai 2 given metal ra‘io

and fixed carben content do not necessarily coincide with the maximum
sclidus temperature of the solid solution at that particular metal exchange.
To obtain the true maximum solidus line, therefore, wr have to ext:ract and
combine the maximum solidus points for a series of alloys at fixed .netal
compositions, i.e. the carbon content of the alloys exhibiting the highest
Jjolicdus temperature generally will vary with the metal exchange. [n following
these procedures, the data shown in Figure 15 for the (Ta.Hf)Cl_x solid solu-

tion, were extracted from measurements on over forty differeat alloy
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Figure 15. Maximum Solidus Temperatures for the Solid
Solution (Ta, Hf)C

1-x°
Top: Concentration Line of Maximum Melting (+ 0.3 At% C)

@ C. Agte and H. Alterthum, 1930 (HfC -TaC)

OCur Measurements
® (Error limits based on reproducibility +25°C)

compositions, which covered the entire single phase band of the ternary
solution. No melting point maximum occurs, and the maximum solidus
temperatures vary smoothly between the congruent melting points of binary phases.

Two factors contribute to the appearance of the simulated
melting point maxima at xc = const: First, from the congruently melting
binary alloy at 47 atomic percent carbon, the solidus temperatures of tantalum
monocarbide drop rapidly as stoichiometry is approached. On the other hind,
the concentration line of maximum melting shifts rapidly to higher casrbon
concentration upon substitution of tantalum by hafnium; hence, in alloy series
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havirg a total carbon defect of cne or two atomic percent, the binary tantalum-
carbon alloys appear lower -molthig than the ternary solid solution, thus
‘explaining the previously observed maxima. The case of the sirconium-
tantalum monocarbide solid solution is analogous, i.e. melting point

maxima also do not exist in this system.

VII. DISCUSSION

The foregoing examples show the Pirani-technique as a very efficient
and accurate tool for the determination of the solidus temperatures of refrac-
tory metallic substances. Chemical interaction problams virtually do not
exist, and, provided that reasonable care has been taken in the preparation
of the test specimens and in the calibration of the temperature measuring
ingtruments, very little experience and skill is required to obtain zeliable
results.

Considering the disadvantages of the method in the conventional setup,
probably the most serious one is its limitation to subatances exhibiting
metallic conductance; however, equipped with fast-response power feed-
back circuits to eliminate run-away problems, and with suitable preheating
techniques to overcome the nsually low conductance ai low temperatures, the
method may be adaptable to materials with negative temperature coefficients
of resistunce, such as semiconductors, or certain oxides. Another short-
coming of the method is associated with the difficulty of observing liquid
formation in the presence of a large excess of solid. This occurs, for
example, at the eutectic reaction isothermas in alloys located cl:se to the
boundaries of higher -melting phases. Thus, to obtain precise data for the
isotherm, the measurements have to be carried ou: on alloys located at, or
aear, the isothermally melting compositions. P.eplacement of the visual tem-
perature measurement method by photoelectric temperature transduceras
capable of respondirg to minute temperature arrests, have been considered
in this laboratory and have been shown eifective o remedy this adverse effect.

The unmodified technique further is of limited use for the determination
of the liquidus temperatures; the samples usually collapse before all of
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‘the alloys, or at least that porvion, whare the pyrometer is focusse . at,

hae transformed to liquid. Here again, by-increasing the temperature gradient
~#cross the sample by increasing its cross-section, thermal analytical measure-
‘ments carried out with phoeoohctr!e transducers, mounted on an
automatic radiation tracking and focuseing system, showed the possibility

to overcoms this epecific shortcoming. . For a description of this apparatus,
 however, reference may be mads o a Jatér publication.

In summarising the discussion, we may conclade, that the available
~experience and the consistency of the data obtained by this method show the
Pirani-technique, no doubt, to be the moet relisble and convenient technique
for the precise solidus temperaturea of rafractory meseliic substances.
With propser modifications, some of the lhoztéomlngt of the technique caa be
eliminated, and the capabilities extended to vield liguidus temperaturesand
allow  thermal analytical measuremeonts to be pcriésrmed up to the melting
temperatures of refractory alloys.

L




i R Al 1 S e W

REFERENCES

M. Pirani and H. Alterthum: Z. Klectrochem. 29 (19¢3}, 5.
C. Agte and H. Altecthum: Z. tcha. Phys. 11 (1930), 182.

‘Compare also the compilation of duta in: R. Kieffer and F. Bmsovsky.
Hartstoffe, (Wien, Springer, 1963).

Co_mpl.rc. for example: W. Hume-Rothery, J.W. Coristian, and
W. B. Pearson; Metallurgical Equilibrium Diagrams {The Institute of
Physics, London, 1952).

R. Kieffer, F. Benosovaky, and E. R. Honak: Z, anorg. aug. Chem.
268 (1952), 191. .

F. H. Ellinger, Trans. ASM 31 (1953}, 8!.

W. P. Sykes, K. R. VanHorn, and C.M. Tucke=: Trans AIME 117
(1935), 173. '

R.V’. Sara: J. Amer.Teram.Soc. 48 {1965), 243,
R.V. Sara: Trans. AIME 233 (1965), 1683,

G.V. Samsonov, .S. Neshpor, andv A. !:rmakova. Zur .Neorg.Chim.
3(1958). 8se.

G.V. Samsonov and E.V. Petrash: Meialloved.Obr Metallov & 115%°), 1y,

R.F. Goton: U.S. Patent No. 3, 084, 534 {1963).

S. Langer, General Atomi.: Private Communication july 1961,
G.S. Rupert: Rev.Sci.Instr. 36, No. 11 {1965), 1629.

H.D. Heetderas, E. Rudy, :nd“l“ Eckert: PWee&r.Pulwrmet

© 13 (1965), 105,

V. Nerses, E.J. Rapperport, and J. 1. Kleinin WADD TR-60-132,
Part I, Jan. 1964, pi4.

R. F Domagala and E. Heckenbach: Rev. Sci lnstr. 35(&?.) {1964), 1663,
R.L. Bickerdike and G. Hughes: J.Less Common M-tals | (1959), 42.
A. Taylor and H. B, 'Ryden: J.Less Comm.Met. 4 {1962), 451. ’

R.1. Jaffee and H.P, Nielsoa: Trans.Amer.Inst. Min. L' stail. Engrs.
180 (1949), 180. _

48

SO S




2.

23.
24.
25.

26,

27.
280
29.

30.

3.

e

-

REFERENCES (Cont'd)
E.M. Savitski: Lecture given at Metallwerk Plansee AG, Beutts,

R.P. Adams and R.A. Beall: USBMchortoflnvcn. No 6304
{Fedbr. 1963).

H. Kimura and Y. Sasaki: Trans. Jap.Inst.Met. 2 (1961), 98.
C.F. Zalabak: NASA Technical iNote D-761 (March 1961},

A.G. Knapton, J. Savill, and R. Siddall: J.Less Comm.Met. 2
(1960), 357.

E. Rudy, St. Windisch, and Y.A. Chlng: AFML-TR-65-2, Partl,
Vol. 1, (Jan 1965).

G.A. Gexch and J.D. Summers-Smith: J. .t.Met. 80 (1951), 143.
E.X. Storms and N.K. Krikorian: J.Ph: Chem. 64 (1960), 1471.

M.R. Null and W.W. Losisr: Ressarch m. NRM-35, National Carbon
Company {(1961). ,

O. Krikorian: Paper presented at the Fall Instrumentation and Automa -
tion Conference, lLos Angeles, Sept. 1661, °

D.E. Hopriug: Aerojet Measurements and Instrumentation Operations:
Private Communication 1965 and 1966.

Work conducted under AF 33{615)-1249 at the Materials Research
laboratory, Sacrarents, California. Report Serie: AFML-TR-65-2,
Partl - IV {28 volumes, 1964 through 1966).

E. Ruéy and D.P. Harmon: AFML-TR-65-2, Partl, Vol. V (Jan 1965).
R.A. Oriani and T.S. Jones: Rev. Sci.lnstr. _Z_?_(l?ﬁﬂ. 248,

D.J. Maykuth, H.R. Ogden, and R.[. Jaffee: J.Metals 5, 2251 {1983},
T"H’, Schefieid, and A.E. Bacan: J, I,n:t.Meti. B2 (1953), 167

D.K. Deardorff, E.T. Hayes: Trams. AIME 206 {1956), $09.

J.H. deBoer and J.D. l"au‘t: Z.ancrg. allg. Chemie 18? {1934), 193

H.X. Adenstedt, J.R. Pequinof 20d J. M. Raymer: Trans. ASM 44
{1952), 990.

E.K. Storms and R.J. McNeal: J.ths.cham. _é»_é {1962}, 1401,

492

S

kb e st L i




REFT *ENCES (Coat'd).

41, A.: Teylor and N. J. Doyle: :J.Less Common Met. 1 (1%4). 37.
42. T. H. Schofield J Inet Met. 1956 1957. 372.

43, B. Riley, J. Sci. Instr. 41 (1964), 504,

44. J.H. Bechtold: Acta Metallurgica 3 (1955), 249.

45. W.G. Bradshawand C.0. Mathews: "PrOpertiee of Refractory
Meteriala. Collected Data and References', LMSD-2466 (1958).

46, G.W.C. Kaye and T. H. Laby: Tables of Physical and Chemical
Constants, 12th Edit. (Longman's. London, 1959). .

47. J. Hughes: Assoc. Electr. Ind. Ltd., Research Lab. Report No.A497
(1955).

48. F, 6Jaeger and E. Rosenbohm: Proc.Acad.S:i.Amsterdam 36 (1933)
78

49. C. Agte, H.Alterthum, XK. Becker, G. Heyne. and K, 4oe s: Z. anorg
allg.Chemie 196 (1931), 129.

50. C.T. Sims, C.M. Crai'ghead, and R.1. Jaffee: Trans.AIME (1955), 168.

51. A deta’led description of the working procedures and the materials is
‘glver in the report series referenced under (32).

52. E. Friedrich and L. Sittig: Z.anorg.allg.Chem, _}_53(1925), 169.

53. C. Agte and K. Moers: Z.anorg.allg. Chemie 198 (1931), 233.

54. G.A., Geach and F.O, Jones: 2nd Plansee Seminar. Reutfe, Tirol,
1955 (Plansee Proc. 1955, 80). -

55. P. Schwarzkopf and R. Kieﬂer Refractory Hard Meta.ls (MacMilla.n
,.Comp., New York 1953) e

56. J.L. Engelke. F A, Ha.lden. and E P. Farley. WADC TR - 59-654 (1960)

57. J. Farr: 1962, Work quoted in E.K. Storms, Critical Review of
Refractories, LA-2942 (Aug 1962).

58. ?“l’f Sars, C.E. Lowell and R.T. Dolloff: WADD TR 60-143, Part IV
1963). .

59. L.D. Brownlee: J.Inst.Met. 87 (1958), 58.
60. M.I1. Copeland: USBM Progr. Rept. No. U-952 (June 1962), 14.
R.V. Sara and C.E. Lowell: WADD-TDR-60-143. Part V (1964).




62.
63.
b4,
65.
66.

- 67.

68.
69.
70,

71.

72.
13,
?4,'; s

75.

6.
77,
78.
79.
80.
- 81,

82.
83.

'T:U Wa.lh:ce, C’ Py

| Rmﬁ'nmis (Cont'd)

0. Ruff and W, Martin: z. angew. Chem, 25 um), 49.

M.G, Bowman: Paper preunted at the v. Phnue Seminar. R‘eutte,
j'l'iro“l. ‘Austria; June 1964, = -

G.A. Geach and ¥, 0. Jones: Met, Abstr, 24 (1957). 366

R 'r. Doloff andR V. Sara: WADD TR 60-143 (1961), Fart II.
R.V. Sara: J.Amer.Ceram.Soc. £(1965). 251.

“’W.'an‘tbkcr”and A. Yamamato: Trani.Am.‘Soc.M‘et. 46 (1954), 1136,

M.R. Nadler and C.P. Kempter: ‘JA.Phys.Che'm. 64 (1960), 1468.
F.H. Ellinger: Trans.Am.Soc. Met. 31 (1943), 89.
D.S. Bloom and N.J. Grant. ’I‘rans. AIME 188 (1950), 41.

L. Ya. Markovskii, N. V Vekahina. and R.A. Strikman Ogneupory,
22 (1957), 42. .

K. Hatsuta: Sci.Rep. Tolioku ﬁ'niv. 10(1932), 680.
G A Geach ami F Q« .Ipnea: Phuiee Proc. 1955, 80.

'Guitierms. andP,L Stone. J.Phys.Chem. 67
(1963), 796 :

M.R. Andrews and S. Dushman. J. Frankli.n Inst. 192 (1921), 545.

, B T Barnes. J.Phys.Chem, 33 (1929). 688.

W P Sykel. Trans.Am. Soc. Steel Treatm. 19 (1930), 968.

O. Ruff and R, Wunsch: Z.anorg.allg.Chem. 85 (1914), 292.

1. Cadoff and J.P. Nielsen: J.Metals 5 (1955), 248.

F. Benesovsky and E. Rudy: Planseeber Pulvermet. 8 (1960), 66.

M.L. Pochon, C.R. McKinsey, R.A. Perkins and W.D. Forgeng in:
"Reactive Metals: Vol.Il, 327 (Interscience Publish. New York, 1959).

R.P. Elliott: Trans.Am. Soc. Met. 53 (1961), 13.

K.I. Portnoi, Yu.V, Levinski, and V.1. Fadajeva: Isvest.Akad. Nauk
8SSR, Otd. Tekhn. Nauk Met. i. Topliov 2 (1961), 147,




84.
85.
86.
87.

89.
90.
91.
92,
93.
94.
95,
96.
97,
98.

99.
100,
101,
102,

103.

104,
105.

REFERENCES (Cont'd)
E.K. Stormas: unpublished work quoted in:. E.K. Storms ''Critical
Review of Refractories" LA-2942 (1964).
P.G. Cotter and J.A. Kohn: J.Amer.Ceram.Soc. 37 (1954), 415,

N.H. Krikorfan, 1962: Work quoted in E.K. Storms ""Critical Review
of Refractories, "' LA-2942 (1964).

H. Nowotny, E. Parthc', R. Kieffer, and F. Benesovsky: Mh.Chem.
85 (1954), 255.

A.E. Palty,-H. Margolin, and J.P. Nielsen: Trans.Am.Soc.Met.
40 (1954), 312,

P. Schwarzkopf and F. W. Glaser: Z.Metallkde 44 (1953), 353.

F.R. Honak: Tﬁcsia, Techn. Hochschule Graz, 1951,

F.W. Glaser and W. Ivanick: Powd. Met. Bull. 6 (1953), 126.

B. Post, F.W. Glaser. and Moskowitz: Acta Met. 2 (1954), 20,

C. Agte: Thesis, Technische Hochschule Berlin, 1931.

F.W. Glaser and B. Post: Trans AIME 197 (1953), 1117.

K. Mo rs: Z. anorg.allg. Chemie 198 (1931), 262.

w. Schedlm':r Thesis, Technische Hochschule, Graz (1951).

F.w, Glaser‘. D.Moskowitz and B.W. Post: J.Metals 5(1953), 1119.

HgaNowotny, F. Benesovsky, and R. Kicffer: Z.Metallkde, 50 (1959)
258, -

J.M. Leitnaker: Rep. LA-2402 (1960).
R. Steinits: Trans AIME 4 (1952), 148.
P.W. Gilles and B.D. Pollock: Trans AIME 5 (1953), 1537,

(liésfu-cmh. C. Tsiang-Lin, and W.Cheung-Hang: Sci.Sinica, 8 (1964)

Climax Molybdenum Co., Second Annual Report, 1951 (work quoted in
M. Hansen, Constitution of Binary Alloys, McGraw Hill, New York, 1958).

L. Kaufmann and E.V. Clougherty: RTD-TDR-63-4096 (Part II, 1965).

E. Rudy and St. Windisch: AFML-TR-65-2, PartI, Vol. VII-X (1966),
Vol. III (1965).

| .




REFERENCES (Cont'd)

106. E. Rudy: AFML-TR-65-2, Partll, Vol. I (Sept. 1965).

107. D.P. Harmon and C.E. Brukl: AFML-TR-65-2, Part II, Vol. III
(Nov. 1965). '

53




Unclassified
Security Clasaification
DOCUMENT CONTROL DATA - R&D
(Bocurity ¢lassitication of title, body of abstrect and indexing tation must be entered when the It roport ia claseilied)
i. ORIQINATIN G ACTIVITY (Cormporate author) .
Materials Research .faboratory . G::;; :li;;:; ¢ asprisaTion
,Aerojet-General Corporation TR TR . —
Sacramento, California N. A

3. REPORT TITLE
Ternary Phase Equilibria in Transition Metal-Boron-Carbon-Silicon Systems
Part III. Special Experimental Techniques. Vol.II. A Pirani-Furnace for the

Precision Determination of the Melting Temperatures of Refractory Metallic
[ CRSCRIPTIVE WOTES (Type of report and inchusive detes) SUUTTEICEY

8. AUTHOR(S) (Lot name, firet name, initial)

Rudy, E.
Progulski, G.

6. REPORT DATE 78. TOTAL NO. OF PAGES 75. NO. OF REFS
May 1967 53 107

8a. CONTRACT OR GRANT NO. $e. ome A ToOR'S REPORT NUMBENR(S)

AF 33(615)-1249 AFML-TR-65-2

Part lII, Vol. II

s rroseet no. 1350

e. Task No. 735001 95 QTHER REPORT NO(S) (Any other numbers hat may be sasigned

¢ N.A

10. AVA IL ABILITY/LIKITATION NOTICES This document 18 subject to special €xport conirols,
and each transmittal to foreign governments or foreign nationals may be made aly]
vith prior approval of Metals and Ceramics Division, Air Force Materials Labora-
wcory, Wright-Patterson Air Force Base, Ohio.

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

AFML (MAMC)
Wright-Patterson AFB, Ohio 45433

13. ABSTRACT

An advanced design of a Pivani furnace is presented which allows the pre-
cision determination of the melting temperatures of refractory metallic alloys.
The method uses resistance heating of a specimen held between two water-cooled
electrodes. The temperature of the phase change is determined optically with a
disappearing-filament type micropyrometer at a small hole located in the center
of the sample. Temperature calibration procedures, as well as methods and tools
for the specimen preparation, are discussed. Measurements of the melting points
of refractory metals and alloys, as well as of isothermal reaction temperatures
in binary metal-carbon and metal-boron systems, are presented and compared
with earlier data.

DD .22 1473

d
Security Clasaification

el




Unclassified
Security Classificstion
14 LINK A LINK B tnke |
KEY WONDS moLk | WY | mou& | wT | moLk ] wv

High Temperature
Experimental Techniques
Melting Temperatures
Refractory Materials

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Eater the name and address
of the contractor, subconiractor, grantee, Depertment of De-
fease sctivity or uther organization (cormporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over
all security clasaification of the report. Indicate whether
“Restricted Data” is included Moarking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 and Armned Forces Industrial Manuel. Entes
the group number. Alco, whea applicable, show that optional
mackings have been used for Group 3 and Group 4 as suthor-

3. REPORT TITLE: Exter the complete report title in all

capital letters. Titles in all cases should be unclassified.

If a meaningful title cannot be selected without classifice

tion, stiow title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTRES& If sppropriste, eater the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

$. AUTHOR(SX Enter the nam(s) of acthor(s) as shown on
or in the report. Eater lust name, first name, middie initial
If militery, show rank and branch of service. The name of
the priacipal suthor {s an absolute minimum requiremeut.

6. REPORT DATE: Enter the date of the report as day,
month, year; or month, yean If more then ona date eppesrs
on the report, use date of publication

7a. TOTAL NUMBER OF PAGEX The total page count
should follow normal on procedures, Lo, enter the
nmwber of pages cont information

7. NUMBER OF REFERENCES Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: 1If sppropriate, enter
tho applicable number of the contract or grant under which
the report was writtens

80, &, & 84. PROJECT NUMBER: Enter the appropriste
wmilitary department ideatificetion, such as project sumber,
subproject number, system numbers, (ask number, eto

9s. ORIGINATOR'S REPORT NUMBER(S): Eater the offi-
cial report sumber by which the document will be identified
eand controlied by the originating activity. Thia sumber must
be unigue to this veport.

95. OTHER REPORT NUMBER(S): If the report has boen
assigned sny other repcrt numbers ( vither by the originstor
or by ihe sponsor), aleo anter this number(s).

10. AVAILABILITY/LIMITATION NOTICES Rater any lime
itations on further dissemination of the report, other then t

imposed by security classificetion, using standard statements
such as:

(1) ‘'Qualified requesters may obtain copies of this
report f-om DDC.*’

(2) ‘“Foreign announcement and dissemination of this_
report by DDC is not authorized, '’

(3) ‘U 8 Government agencies may obtaia copies of
this report directly from DDC. Other qualified DDC
users shatl request through

(4) *%). 8. military agencies may obt‘ln copies of this
report directly f~m DDC. Other qualified users
shzll request through

»”
*

(5) ‘“All distribution of this report is controlled Qual-
ified DDC users shall request through

"
3

If the report has “een furnished to the Office of Technical
Services, Department of Comsrerce, for sale to the public, indi-
cate this fact and enter the price, if known

1. SUPPLEMENTARY NOTES: Use for aaditional explane-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or 1sborstory sponsoring (pey
ing for) the research and development. Inciude address.

13. ABSTRACT: Eater an abatract giving e brief and (sctual

summary of the document indicative of the report, even though

it may alec sppear sisewhere in the body of the techaicsl re-

sn. If additions] apacn is required, s coatinustion sheet shall
stiached.

It is highly desirable that the abatract of clessified reports
be unclasaified. Rach puregreph of the sbstrect shal! snd with
an indicetion of the military security classificetion of the ta-
formation in the paragreph, repreaunted as (T9) ($). (C). o (U)

There is ao limitetion on the th of the ahetract MHow-
aver, the suggested leagth is from 150 t9 228 wosds.

14. KLY WORDS: Ky woeds ere technicaliy mesaingful terme
or short phreses that charecterize e report snd ney bo used as
index entries for cotaloging the report. Koy weords must be

sslected so that no security classificotion is roquired lwati-

fiers, such a8 equipment mode] dasignation. trade seme, Wilitery
project code name, rw: locati~n, may be ur~4 os boy
words but will be followed by aa indication of techaice! con-
text. The aseignmeat of liaks, rulec, sad weights is optiema:

Security Cleasificetion

i e

T

——




